As the main transport equipment for fully mechanized coal caving, a scraper conveyor is not only the coal transport machine but also the moving pivot of the hydraulic support and the orbit of the shearers. The rationale behind the design of the scraper conveyor and its reliability directly affect the production efficiency of a fully mechanized coal mining system [1] and [2] . Current research on scraper conveyors mainly focuses on how to improve their power, capacity, life, safety and applicability in various working conditions. Significant attention has been paid to the structure and function of the scraper conveyor itself [3] to [6] . Few studies have focused on the material characteristics during the transport stage and the interaction between bulk coal and the scraper conveyor, and even fewer studies have provided a precise relationship between the transport of bulk coal and the running conditions of the scraper conveyor. This lack of research inevitably leads to deviations in safety, reliability and transport efficiency that affect the entire material transport process.
INTRODUCTION
As the main transport equipment for fully mechanized coal caving, a scraper conveyor is not only the coal transport machine but also the moving pivot of the hydraulic support and the orbit of the shearers. The rationale behind the design of the scraper conveyor and its reliability directly affect the production efficiency of a fully mechanized coal mining system [1] and [2] . Current research on scraper conveyors mainly focuses on how to improve their power, capacity, life, safety and applicability in various working conditions. Significant attention has been paid to the structure and function of the scraper conveyor itself [3] to [6] . Few studies have focused on the material characteristics during the transport stage and the interaction between bulk coal and the scraper conveyor, and even fewer studies have provided a precise relationship between the transport of bulk coal and the running conditions of the scraper conveyor. This lack of research inevitably leads to deviations in safety, reliability and transport efficiency that affect the entire material transport process.
Three-dimensional optimization, simulation and dynamic design have become important techniques in modern mechanical design with the rapid development of computer technology and modern design methods [7] to [9] . Previous studies have mainly used finite element methods (FEMs) for the design and analysis of scraper conveyors. The bulk coal in the chute is represented using either a continuum model or directly added force on the chute, and then, the mechanics are established using the FEM. Optimization methods are applied after simulation and analysis using FEM [10] to [13] . A systems analysis, including mechanical analysis of the shearer and chute, was conducted by Chen et al. [14] to study the stress conditions of the chute; the maximum stress was obtained using ANSYS, a software package based on an FEM. Ren and Chen [15] studied the rack rail of a scraper conveyor using ANSYS, and their conclusions provided a theoretical basis for the optimal structural design of the rack rail.
Particles of granular matter interact with themselves and with the machine [16] ; thus, it is difficult to obtain meaningful results using traditional continuum mechanics methods, such as FEM. Therefore, the discrete element method (DEM) was introduced to better study the internal and external interaction mechanics of materials and to obtain reliable results. The DEM is a numerical method that was proposed by Cundall and Strack [17] and Cundall [18] and is based on the principles of molecular dynamics. The method was first used to study complex problems, such as rock mechanics. A DEM is a collection of rigid elements, which is more in accordance with the properties of granular material than continuum theory. The method has been successfully applied in coal mining, geotechnical engineering, the chemical industry, agriculture and other fields [19] to [23] . There are many applications in bulk solids transportation. Lim et al. [24] simulated vertical and horizontal solid particle transport in a pneumatic conveyance using the DEM and computational fluid dynamics. The simulated and experimental results corresponded well with those reported previously. Zuo et al. [25] studied the dynamic characteristics of bulk materials (e.g., agricultural products) during the process of sudden braking using the DEM. The dynamic forces acting on the front wall of a truck by the bulk material under different conditions were studied, which provided new ideas for truck design. Katterfeld and Gröger [26] studied the loading and unloading process of a bucket elevator and scraper conveyor using the same method. Additionaly, Katterfeld et al. [27] developed an auxiliary design for a high-flow transfer station using the DEM and provided qualitative and quantitative verification of the numerical simulation. Simsek and Wirtz [28] studied the mixing process of a thin layer of particles on a vibrating conveyor and investigated the phenomena of particle flow and dispersion using the DEM. Hastie and Wypych [29] compared different methods, such as the continuous medium method, DEM and test experiments, to predict the particle flow phenomenon in the chute. Derakhshani et al. [30] used the DEM to study the mechanical behaviour between particles and the interaction between the belt conveyor and particles. The particle flow field was simulated using computational fluid dynamics, and the entrainment phenomenon was studied to help optimize the dust control system. The above research applied the DEM to the study of bulk materials; however, few studies have focused on the scraper conveyor.
The objectives of this study were as follows: (1) establish an interaction model between bulk coal and the scraper conveyor using the software EDEM; (2) study the particle size distribution and velocity of coal under different conditions, such as differences in transport velocity, transport angle, feed velocity and mining height; and (3) study the influences of the transport velocity and coefficient of static friction on the mass flow rate.
METHODOLOGY

Model Scraper Conveyor
The scraper conveyor mainly consists of a head, spill plate, chute, scraper, chain and tail (Fig. 1) . The scraper conveyor model used in this study was a production model. Its design length was 200 m, the rated transport capacity was 416.7 kg/s, the speed of the scraper chain was 1.1 m/s and the scraper spacing was 1,008 mm. The modelling function of EDEM is relatively simple. Thus, it is difficult to satisfy the modelling requirements of a complex geometry, such as that of a scraper conveyor. Therefore, the three-dimensional model was first established in NX7.5 UG software (Siemens PLM Software, Munich, Germany) and then imported into EDEM to perform the simulation. Because this study focused mainly on the transport state and related properties of the bulk coal, the scraper conveyor model was simplified by removing the head and tail, retaining only the chute; this also improved the speed of the calculations. The scraper chain and scraper were extended to ensure that a sufficient number of scrapers were in motion on the chute during the simulation.
Different file formats can be imported into EDEM. Here, the STEP format was chosen to ensure the integrity of the data, the model, the product life cycle and other aspects due to the complex geometry of the scraper conveyor. The established model and the material parameters of the chute are shown in Fig.  2 and Table 1 , respectively.
Model Bulk Coal
Two main types of contact were applied in this model, namely, the contact between coal particles and the contact between coal and the chute. Coal particle breakage and deformation occurs under actual conditions, and numerous particle collisions will occur simultaneously. A soft ball model was selected as the mechanical model in this study to accurately reflect these actual conditions.
Fig. 3. Model of two contact soft balls
As shown in Fig. 3 , particle i comes into contact with particle j at point C under external forces or inertia. The dotted line indicates the original position of particle i. With the relative motion of the two particles, the surfaces of the particles gradually deform and the contact force increases. However, details of the deformation were not considered in the soft sphere model, and the contact force was obtained based on the normal overlap α and tangential displacement δ. The soft ball model consisted of a spring, damper, slider and coupler between two particles. A coupler was used to determine the particle pairing relationship of two particles in contact. If the tangential force exceeds the yield value, the two particles will slide under the effects of the normal force and friction in the tangential direction. The elastic coefficient k, the damping coefficient c and other parameters were introduced to quantify the effect of the spring, damper and slider (Fig. 4) .
The normal force F nij was the resultant of the elastic and damping forces acting on particle i, as shown in Figs. 3 and 4. According to Hertz contact theory, F nij is expressed as follows:
The tangential force F tij is expressed as:
where k t is the tangential elastic coefficient, c t is the tangential damping coefficient, v ct is the slip velocity at the contact point, and δ is the tangential displacement at the contact point. Particle generation is critical in the simulation process and greatly affects the simulation results. Bulk coal differs from other bulk materials that have rather homogenous particle shapes, such as chemical fertilizers or grains, because of the uncertainty in the shapes cut by the shearer. It is difficult to define the true shape of coal particles in 3D modelling software, and there is no representative shape. Therefore, to simplify the calculation and represent the actual situation as closely as possible, a multiple round surface filling method was used in EDEM to build the bulk coal model. A model of a standard coal particle was constructed using four combined spheres (Fig.  5) ; the model was 95.11 mm long, 85.59 mm wide and 80.05 mm high. Particles with three different diameters were used to study the size distribution of bulk coal; the dimensions were 0.5, 1 and 1.3 times that of the standard particle size. Particles with different sizes were generated randomly by a particle factory to ensure that the bulk coal fell into the chute in a mixing state. The properties of bulk coal are provided in Table 2 [31].
Fig. 5. Bulk coal model
The weight of the standard coal particle that was modelled was 0.56 kg, the volume was 3.53×10 -4 m 3 and the moment of inertia relative to X, Y, and Z axes was 4.01×10 -4 kgm 2 , 4.48×10 -4 kgm 2 and 4.65×10 -4 kgm 2 , respectively 
Contact and Transport Model
Based on analysis of the mechanical model and actual working conditions, the Hertz-Mindlin no slip contact model was used in this study; the contact parameters of this model are provided in Table 3 [32]. Table 3 . Contact parameters [32] Elastic restitution coefficient between bulk coal particles 0.5
Static friction coefficient between bulk coal particles 0.6
Dynamic friction coefficient between bulk coal particles 0.05
Elastic restitution coefficient between bulk coal and the chute 0.5
Static friction coefficient between bulk coal and the chute 0.4
Dynamic friction coefficient between bulk coal and the chute 0.05
This study focused on the motion characteristics of bulk coal in the chute; thus, the simulation included the cutting of bulk coal by the shearer, coal falling into the chute and transport of the coal by the scraper conveyor. Based on actual production, the particle factory was set at the original position in the upper part of the scraper and parallel to the bottom of the chute. The process of the shearer cutting coal was simulated by the particle factory producing bulk coal; the mining height was 2.6 m, 5 m, or 5.5 m based on the position of the actual shearer. The particle factory was rectangular in shape, with a length of 2.5 m along the chute and a width of 0.755 m.
Simulation Parameters
The stable state was established as the reference state, and the parameters were changed when studying the scraper conveyor under different working conditions. The main simulation parameters in this study were the transport angle, transport velocity, feed velocity and mining height. The main parameters of the stable state are provided in Table 4 . The parameters of the stable state were based on the relevant parameters of an actual scraper conveyor and shearer (Table 5 ). The transport velocity was the rated speed of the scraper conveyor, and the feed velocity was converted from the rated rotational speed of the shearer. The initial velocity of the bulk coal was set based on the rated rotational speed of the shearer. In this study, the fixed time step in EDEM was set as 8.59×10 -5 s, which was 10 % of the Rayleigh time step, and the total simulation time was 15 s. The grid size in the simulation area was adjusted according to the related preprocessing parameters. To obtain accurate results while retaining a high simulation efficiency, the number of grid units was set close to but less than 1×10 5 . Therefore, the grid size was set to 6.89 times of the particles' minimum radius, and the simulation area was divided into 92,565 grid units.
Bulk coal was generated dynamically from t = 0 s to t = 15 s with a fixed particle size. Aside from gravity, an initial velocity was added to coal particles to simulate the initial speed of coal brought about by the rotating shearer. The direction of the initial particle velocity was set at a 45° downward slope. Particle factories simulated the generation of coal cut by the shearers. To ensure that the same number of particles were created for the three different sizes, the speed at which particles were generated by the three factories was calculated based on the ratios of the dimensions of the different particles. The speed at which the particle factories generated particles was set according to the rated transport capacity of an actual scraper conveyor, which was 416.7 kg/s in this study. The particle generation speeds of the three particle factories are provided in Table 6 . The simulation begins with the particle factory generating particles. Then, the bulk coal falls into the chute and is transported from one side of the scraper to the other (Fig. 6 ). The interaction model was established based on the model of the chute (Fig. 2) and the bulk coal (Fig. 5) . The entire simulation lasted for 15 s.
When studying the transport state under different velocities, the running direction of the scraper and the chain was constrained to be parallel to the bottom of the chute. In the actual situation, the velocity of the chain was changed in a micro wave because of rotation of the sprocket. For the limitation of the software and the purpose of simplifying the simulation, the scraper and scraper chain were set in the uniform linear motion during the entire simulation. Then, the bulk coal was pushed to move by the scraper. The transport velocities are shown in Table 7 . To study the transport state with different transport angles, the angle was adjusted by changing the direction of gravity because the angle of the scraper conveyor could not be adjusted directly. The gravitational direction was set by adjusting the values of its components in the X, Y, and Z directions.
In the stable state, the direction of gravity was perpendicular to the chute. The other two angles were set at the limiting angles of the scraper conveyor: inclined upward 25° and inclined downward 20°. The direction of gravity is shown in Table 8 . To study the influence of feed velocity on the transport state, the magnitude of the initial particle velocity was changed while leaving its direction of motion unchanged. The components of the initial velocity in the X, Y, and Z directions are provided in Table 9 . The three particle factories maintained the same initial particle velocity. The initial velocity of the stable state was 3.44 m/s and was set to 2.12 m/s and 1.41 m/s in the other two states.
In the study of different mining heights, the position of the particle factory needed to be adjusted. The mining height was 5.5 m in the stable state and 5 m and 2.6 m in the other two states (Table 10 ). 
Factors Influencing the Mass Flow Rate
Transport capacity is an important parameter in the design of a scraper conveyor and directly determines the quality of the scraper conveyor. Although the mass flow rate refers to the mass flow per unit time, the value can directly reflect the transport capacity of the scraper conveyor as well. Thus, research on the mass flow rate is critical for improving the transportation capacity of a scraper conveyor, optimizing its structure and reducing unnecessary energy dissipation. The model for calculating the transport capacity in actual production is shown in Fig. 7 , which was screenshot of the scraper conveyor during transportation. Assuming that the coal on the scraper conveyor will not spill out, the cross section of the coal can be divided into several sections. The percentages shown in Fig. 7 are the ratios of coal transport speed to the chain speed. The coal speed is closer to the chain speed as the coal getting closer to the chain. The equation for computing the transport capacity is given by: The mass flow rate through a specified section during the simulation is detected by a sensor in EDEM. Single-factor analysis was applied to study the influence of velocity and the coefficient of static friction on the mass flow rate. When studying the influence of transport velocity on the mass flow rate, the scraper conveyor was confirmed to be working in the stable state. The coefficient of static friction was maintained at 0.6, and the scraper conveyor was adjusted to work under transport velocities of (0.2, 0.5, 0.8, 1.1, 1.4 and 1.7) m/s. The mass flow rate was always detected at the same position.
In analysing the influence of the coefficient of static friction between particles on the mass flow rate, the velocity was kept constant, and the coefficient was set at 0, 0.2, 0.4, 0.6 and 0.8. Then, the mass flow rate was determined.
RESULTS AND DISCUSSION
Analysis of the Particle Size Distribution
Bulk coal particles with three diameters were generated to analyse the effects of the particle size distribution. In the simulation, the particles were coloured blue, green and red in order of increasing size (Fig. 8) .
The four groups (a, b, c and d) in Fig. 8 correspond to the particle size distributions with different transport velocities, transport angles, feed velocities, and mining heights. The bulk coal was more stable when the scraper conveyor had a lower velocity (Fig. 8a) . However, lower velocities affected the production efficiency. The bulk coal becomes unstable as the chute angle is decreased from being inclined upward 25° to being inclined downward 20° (Fig. 8b) . The feed velocity did not have a considerable effect on the fluctuation of particles in the chute (Fig.  8c) . The bulk coal was more stable when the mining height was low (Fig. 8d) . Large particles (red) were concentrated on top, whereas small particles (blue) spread out on the bottom. Middle-sized particles were located in the middle section. Therefore, the bulk coal size distribution with large particles on top and small particles at the bottom was not related to the transport velocity, transport angle, feed velocity, or mining height.
Velocity Distribution Analysis
The bulk coal can be displayed in different colours according to the velocity of particles in EDEM. Particles were coloured in order of blue, green and red with increasing velocity (Fig. 9) .
The particles in the chute had a lower velocity than particles falling down from the particle factory (Fig. 5) . All particles in the chute were blue, within which it was difficult to distinguish the velocity distribution. Thus, the colours of particles in the chute had to be redefined. Under the attribute colouring label, the minimum and maximum values were set as 0 m/s and 1.1 m/s, respectively. Then, the colouring range was 0 m/s to 1.1 m/s. The particle velocity distribution within the chute is shown in Fig. 10 .
The majority of the bulk coal in the middle of the chute had a high velocity, whereas lower velocity particles were distributed on both sides of the chute (Fig. 7) .
The range over which velocities were coloured was large, and nearly all of the particles in the chute were red. Thus, it was still difficult to identify the particle velocity distribution. The range of colours was adjusted such that the minimum and maximum values were set at 1.09 m/s and 1.1 m/s, respectively. Longitudinal sections of the particle velocity distribution along the chute were obtained at different positions.
There were differences near the bottom of the chute in that particles close to the scraper had higher velocities than particles farther from the scraper (Figs.  11a and 11b ). Instead of a continuous distribution, the particle velocities exhibited regional concentrations (Fig. 11c) . Particles in front of the scraper had the same velocity as the scraper, whereas particles in other locations had lower velocities.
Analysis of the Factors Influencing the Mass Flow Rate
Effect of Velocity on the Mass Flow Rate
The mass flow rate increased linearly with the transport velocity, with an R 2 value of 0.975, meaning that a higher velocity led to a greater capacity (Fig.  12) . However, in actual production, the velocity cannot increase without bound. The power provided by the motor is limited, and equipment wear, energy consumption and noise greatly increase with increases in the transport velocity. Furthermore, the required amount of scraper conveyor material also increases. These factors would greatly increase production costs, which is not conducive to actual production. The speed of the chain typically ranges from 0.6 m/s to 1.4 m/s. Therefore, a reasonable transport velocity that will improve the transport capacity and reduce costs as much as possible must be established to achieve the maximum economic benefit. The velocity is also affected by underground operating conditions, the capacity of the scraper conveyor, production requirements and many other conditions, which should be analysed based on the actual situation. Such an investigation may provide the relationship between the transport velocities and mass flow rate.
Effect of the Coefficient of Static Friction on the Mass Flow Rate
The relationship between the mass flow rate and the coefficient of static friction was fit using a quadratic function (Fig. 13) . The mass flow rate increased to a peak (157.21 kg/s) as the coefficient of static friction between the particles increased from 0 to 0.4; then, the mass flow rate decreased as the coefficient of static friction increased to 0.8. The scraper conveyor achieved its maximum capacity when the coefficient of static friction between particles was 0.4. Coal particles in the middle and upper part were driven by the static friction from particles at the bottom. If the coefficient of static friction is too small, the static friction would be too small to drive all the particles in the upper part. That's the reason the mass flow rate would increase as the coefficient of static friction increased from 0 to 0.4. When the static friction is higher than 0.4, coal particles in the upper part would bear more resistance from coal particles around. The particles stayed at the middle and upper part would roll, which seemed moving backwards compared with the particles pushed by the scraper at the bottom. Therefore, the mass flow rate would decrease when the static friction is higher than 0.4.
In actual practice, static friction between particles, which is determined by the type of coal, cannot be controlled. However, research in this area could provide a basis for predicting coal output depending on the type of coal in a certain mine. 
CONCLUSIONS
The DEM can overcome the deficiencies of the FEM in studying the motions and forces of particles such as bulk coal to provide a more reliable theoretical basis for the research and design of scraper conveyors. The following conclusions were drawn: 1) An interaction model that can simulate the working process of the scraper conveyor was built using EDEM. The operating parameters under different conditions were obtained, which are difficult to acquire experimentally. 2) The particle size distribution was not related to the transport velocity, transport angle, feed velocity, or mining height in the stable state. Large particles were distributed on the top of the scraper, and small particles were distributed at the bottom. With regard to the particle velocity distribution, particles close to the scraper had a high velocity at the bottom, whereas particles at other positions had a lower velocity. The particle velocity distribution in the chute exhibited regional variations, i.e., particles in front of the scraper had the same velocity as the scraper, whereas particles in other regions had lower velocities. 3) There was a quadratic relationship between the mass flow rate and the coefficient of static friction. The mass flow rate reached its peak when the coefficient of static friction was 0.4. 
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